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a  b  s  t  r  a  c  t
We investigate  cochlear  variation,  an  indirect  evidence  of  auditory  capacities  among  early
hominins  and  extant  catarrhine  species,  in  order  to assess  (i) the  phylogenetic  signal  of
relative  external  cochlear  length  (RECL)  and  oval  window  area  (OWA),  (ii)  the  evolution-
ary model  with  the highest  probability  of  explaining  our observed  data,  (iii)  some  hominin
ancestral  nodes  for  RECL  and  OWA.  RECL  has  a high  phylogenetic  signal  under  a Brown-
ian  motion  model,  and  is closely  correlated  with  body  mass.  Our  model-based  method
has the  advantage  over  parsimony-based  methods  of incorporating  branch  lengths  in a
phylo-morphospace,  and  this  shows  RECL  shifted  towards  signiﬁcantly  higher  values  at
the Homo  erectus-Homo  sapiens  node.  We  also observe  that  the StW  53  and  KB  6067  fossil
specimens  from  Sterkfontein  and  Kromdraai  likely  represent  one  or two distinct,  smaller-
bodied and  less  derived  hominin  form(s)  compared  to Paranthropus  specimens  represented
at Swartkrans.
© 2017  Acade´mie  des  sciences.  Published  by Elsevier  Masson  SAS.  This  is  an  open  access
article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.
0/).Mots clés :
Cochlée
Homininés
Phylogramme
Évolution brownienne
r  é  s  u  m  é
Nous  examinons  la  variation  cochléaire,  témoin  indirect  des  capacités  auditives  des  pre-
miers homininés  ainsi  que  d’espèces  actuelles  de  catarrhiniens,  aﬁn  d’évaluer  (i)  le  signal
phylogénétique  de  la  longueur  externe  relative  de  la  cochlée  (RECL)  et  de  la surface  de  la
fenêtre ovale  (OWA),  (ii)  le modèle  évolutif  montrant  la  plus  forte  probabilité  d’expliquer
∗ Corresponding author at: Computer-assisted Palaeoanthropology Team, UMR  5288 CNRS, université de Toulouse (Paul-Sabatier), Toulouse, France.
E-mail address: jose.braga@univ-tlse3.fr (J. Braga).
http://dx.doi.org/10.1016/j.crpv.2017.02.003
1631-0683/© 2017 Acade´mie des sciences. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Australopithecus africanus
Paranthropus robustus
Homo
nos  observations,  (iii)  certaines  valeurs  ancestrales  d’homininés  pour  RECL  et  OWA.  RECL
montre  un  signal  phylogénétique  élevé  sous  un  modèle  brownien,  mais  aussi  une corréla-
tion  étroite  avec  la  masse  corporelle.  Notre  méthode,  basée  sur  un  modèle  évolutif,  présente
l’avantage  de  tenir  compte  des  longueurs  de  branches  (contrairement  aux  méthodes  cladis-
tiques,  basées  sur  la parcimonie)  dans  un  espace  phylo-morphologique  soulignant  une
évolution  de  RECL  vers  des  valeurs  signiﬁcativement  plus  élevées  uniquement  au  nœud
(Homo  erectus,  Homo  sapiens).  Nous  observons  également  que les  fossiles  StW  53 et KB  6067
(provenant  respectivement  de  Sterkfontein  et de Kromdraai)  représentent  probablement
une ou  deux  forme(s)  d’homininé(s)  de  plus petite  taille  corporelle  et  moins  dérivée(s),  par
rapport  à  Paranthropus  représenté  à  Swartkrans.
©  2017  Acade´mie  des  sciences.  Publie´  par  Elsevier  Masson  SAS.  Cet  article  est publie´  en
Open  Access  sous  licence  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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t. Introduction
Amongst the ﬁve main sensory systems, the cochlea is
he only organ that imprints details of its overall structure
ithin bone; this takes the form of a spiral-shaped cav-
ty housed by the petrosal part of the temporal. At least
wo features of this cavity can be determined and enable
ood estimates of the hearing capacities in fossil hominins:
he relative external cochlear length (RECL) and the oval
indow area (OWA) (see Braga et al., 2013, 2015 for more
etails). For instance, cochlear length is taken as a proxy
easure of a shorter basilar membrane length (with its
ensors tuned to high frequencies at its base and lower
requencies progressively towards the apex), and was  sug-
ested to provide a good estimate of low-frequency hearing
n non-human primates (Coleman and Colbert, 2010). One
an therefore question how interactions of our hominin
ncestors with environmental signals (i.e. habitat acoustics
nd vocalizations) may  have played a role in the evolution
f the unique low-frequency sensitivity displayed only by
odern humans (i.e. Homo sapiens sapiens) among catar-
hine primates (Coleman, 2009). This question is beyond
he scope of the present study.
However, since cochlear features are useful in recons-
ructing the evolutionary history of auditory capacities
mong primates (Coleman and Colbert, 2010; Coleman
t al., 2010), and show an association with phylogeny
Braga et al., 2015), we address two questions in this paper.
irst, can statistical procedures improve the detection
f taxa that deviate signiﬁcantly from general allomet-
ic equations (i.e. have larger or smaller cochlear features
iven their body size)? Second, can gross geometrical fea-
ures of the cochlea in an unknown ancestral species be
ccurately predicted from knowledge of its phylogenetic
odal position? In order to address these issues, it is
esirable to determine whether the cochlear geometri-
al variation observed among early hominins and other
atarrhine species is phylogenetically meaningful (similar-
ties indicating shared recent common ancestry) in possible
elation to body size, and whether this can be tested accord-
ng to different explicit evolutionary models (e.g., Brownian
otion versus models with variable rates of evolution).
In a recent paper, Braga et al. (2015) used microfo-
us X-ray computed tomography (micro-ct) to measure
he strength of RECL and OWA  phylogenetic signals, andto determine whether some hominin species showed
cochlear shifts for their body mass after correcting for gene-
based phylogeny. It was  concluded that RECL evolution
in apes occurred mainly through body-mass-dependent
and non-homoplasic changes. Moreover, both premodern
and modern humans (Homo erectus and H. sapiens sapi-
ens, respectively) showed RECL and OWA  values larger
than expected for their body mass (using phylogeneti-
cally controlled linear regressions), a condition not found
in their non-human hominin predecessors (Braga et al.,
2015). However, in that study, all the phylogenetic analyses
assumed that Brownian motion was the best evolution-
ary model to explain the cochlear data observed among
catarrhines. In a Brownian motion model of trait evolu-
tion, the expected phenotypic difference between sister
species grows proportional to the time since they shared
a common ancestor (i.e. the sum of the branch lengths
between the two taxa) (Nunn, 2011). Given the avail-
able evidence that functional systems often do not evolve
at constant rates but instead show strong positive selec-
tions (with accelerated evolutionary changes) (e.g., Clark
et al., 2003), it is necessary to test whether RECL and OWA
may  have evolved following a non-Brownian model before
attempting to reconstruct ancestral values.
Both RECL and/or OWA  values have been investigated
in Australopithecus (Sts 5, StW 329, StW 98, StW 255),
Paranthropus (KB 6067, TM 1517, SK 879, SKW 18) and
H. erectus sensu lato (or H. ergaster) (SK 847) (for more
details, see Braga et al., 2013: Table 3; Braga et al., 2015:
S1 table). However, since this study focuses mainly on
phylogenetic issues, the KB 6067 specimen is treated sep-
arately from the Swartkrans Paranthropus sample because
it has been preliminarily interpreted to “represent a more
primitive condition for the P. robustus lineage, with more
similarity to some Sterkfontein Member 4 specimens”
(Braga et al., 2013: 455). Moreover, in the present study,
we use only fossil specimens with both RECL and OWA
values, hence allowing comparisons of the phylogenetic
results for these two parameters by using the same sam-
ples. Therefore, Sts 5 and TM 1517 are excluded from our
sample.
In addition to published data, the ﬁrst aim of this
study is to provide further RECL and OWA  micro-ct mea-
surements for three early hominin specimens from the
Sterkfontein site (South Africa). The ﬁrst, StW 498e has
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been attributed to the “Paranthropus-like” Australopithe-
cus prometheus, considered as a second species from
Sterkfontein Member 4 by Clarke (2008) (for more details,
see the recent review by Grine, 2013). StW 151 has been
regarded as representing “a hominid more derived towards
an early Homo condition than the rest of the A. africanus
sample from Member 4” (Moggi-Cecchi et al., 1998; p. 462)
and StW 53 has been attributed to early Homo (Hughes
and Tobias, 1977), to A. africanus (Clarke, 2008; Kuman and
Clarke, 2000) or to a form that is more closely afﬁliated to
A. africanus than to early Homo (Braga, 1998).
The present study has three other main aims employing
specimens representing 9 hominoid and 13 cercopithecoid
extant species and their associated gene-based consensus
phylogram (i.e. a phylogenetic tree with “molecular-
calibrated” branch lengths) obtained using 10kTrees
for Primates, V2 (http://www.10ktrees.fas.harvard.edu/)
(Arnold et al., 2010). First, we explore further (as compared
to Braga et al., 2015) the phylogenetic signal of RECL and
OWA in extant species before and after controlling for body
size. Second, we investigate whether the Brownian evolu-
tionary model, the Ornstein–Uhlenbeck (OU) process, or
the accelerating versus decelerating rates of character evo-
lution (ACDC) best explains the observed RECL and OWA
data in these species. Third, we use the evolutionary model
that is most appropriate to our data (e.g., Brownian motion
or Ornstein–Uhlenbeck or ACDC) to estimate some hominin
ancestral conditions of RECL and OWA  from a phylogram
Fig. 1. Phylogram for 22 extant catarrhine species and three extinct hominin speci
onto  the extant molecular tree.
Fig. 1. Phylogramme pour 22 espèces actuelles de catarrhiniens et trois espèces d
morphologie sur celui obtenu par les données moléculaires.16 (2017) 508–520
that combines data for extant and fossil species (Fig. 1; see
details below).
2. Materials and methods
2.1. Micro-ct data
Table 1 presents the details of RECL and OWA  values
(given to the nearest one-tenth millimeter) used in the
present study for each fossil hominin specimen, as well as
the mean values for fossil and extant species.
Most of the micro-ct measurements used in this study
were employed previously by Braga et al. (2015) (see Table
S1 for more details) with isometric voxel dimensions ran-
ging from 7.0 to 41 microns (m).  Therefore, we do not
repeat here the details about the samples and the body
mass data already given in Braga et al. (2015). Additional
measurements of RECL and OWA  were taken from the
micro-cts of 7 Gorilla gorilla skulls (from specimens housed
at the “Musée royal de l’Afrique centrale”, Tervuren, Bel-
gium; with only one of them of known sex) obtained
using the Nanotom (GE Sensing) at the “Fédération de
recherche” FERMAT (CIRIMAT, Toulouse) (all with isomet-
ric voxel dimensions of 32.6 m).  The micro-ct data for StW
498e, StW 151 and StW 53 were obtained in South Africa
using the XTH 225/320 LC dual source system (Nikon) at the
Palaeosciences Centre, University of the Witwatersrand,
es made from grafting the tree for the extinct hominins using morphology
’homininés fossiles, construit en greffant l’arbre des fossiles établi par la
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Table  1
Micro-ct relative external cochlear length (RECL) and oval window area
(OWA) mean values for extant and fossil species, and measurements for
fossil hominin specimens. Voxel sizes are indicated in microns.
Tableau 1
Valeurs moyennes de RECL and OWA  pour les espèces actuelles et fossiles,
et mesures individuelles pour les homininés fossiles, obtenues par micro-
tomographies. Les dimensions des voxel sizes sont indiquées en microns.
RECL OWA  Voxel size
Homo erectus
SK 847 (R) 14.2 3.3 21.7
Paranthropus (n = 3) 14.3 4.1
SK 879 (L) 14.8 4.3 9.2
SKW 18 (R) 13.8 3.9 11.1
KB 6067 11.8 2.8 7.4
Australopithecus (n = 6) 12.5 2.6
StW 329 11.8 2.0 33.1
StW 98 12.7 3.1 33.1
StW 255 12.8 2.8 33.1
StW498e 13.3 2.0 28.1
StW53g 12.3 2.5 30.5
StW151c 12.2 3.4 28.3
Homo sapiens (n = 22) 14.6 3.7 41.0
Pan troglodytes (n = 9) 13.3 3.1 41.0
Pan paniscus (n = 7) 12.5 2.5 8.0–41.0
Gorilla gorilla (n = 14) 14.6 3.9 32.6–41.0
Pongo pygmaeus (n = 8) 13.6 4.0 12.0–41.0
Nomascus concolor (n = 1) 9.7 1.6 41.0
Hylobates moloch (n = 1) 10.2 1.8 41.0
Hylobates lar (n = 1) 10.9 1.5 9.0
Hylobates agilis (n = 2) 10.4 1.6 7.3–8.3
Papio hamadryas (n = 2) 10.5 1.6 41.0
Papio cynocephalus (n = 5) 10.4 1.4 7.8-41.0
Papio ursinus (n = 1) 11.0 1.6 41.0
Papio anubis. (n = 2) 11.8 1.5 8.1-8.6
Mandrillus sphinx (n = 1) 11.2 1.6 41.0
Macaca radiata (n = 1) 9.6 0.9 41.0
Macaca sylvanus (n = 2) 9.5 1.3 41.0
Cercopithecus mona (n = 1) 9.8 1.2 41.0
Cercopithecus hamlyni (n = 1) 9.1 1.1 41.0
Cercocebus torquatus (n = 1) 10.3 1.5 41.0
Colobus angolensis (n = 3) 10.2 1.4 7.0–41.0
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tColobus guereza (n = 4) 10.0 1.3 41.0
Piliocolobus badius (n = 4) 9.8 1.0 41.0
ohannesburg, with isometric voxel dimensions ranging
rom 28.1 to 30.5 m.
.2. Measurement protocol for OWA
The micro-ct measurement methodology of RECL and
WA  is detailed in Braga et al. (2015). Moreover, we illus-
rate the micro-ct measurement protocol used in this study
or OWA  with an example taken for the P. robustus SK 879
pecimen (Fig. 2). This example is motivated in part by
he difﬁculties expressed in the literature about accurate
easures of the oval window in the narrow oval window
iche (fenestra vertibuli), a variably deep depression located
artly behind the overhanging and prominent promontory
f the tympanic cavity (promontorium tympani) (Fig. 2).
n a detailed analysis of the stapes footplate, Sim et al.
2013) stated that measurements taken on photographs
might not be the most precise way of measuring the
imensions of the ossicles” (op. cit., p. 160). Noussios et al.
2016) also considered that photographic measurements of
he stapes footplate in the oval window niche may  entail6 (2017) 508–520 511
errors regarding the projection of such a small surface into
a screen (parallax error). Since several studies now con-
sider in situ micro-ct measurements of the middle ear as
more accurate and efﬁcient than measurements taken on
photographs (this point will be discussed in more details
below), we prioritize micro-cts to measure OWA  in fossil
hominins and extant catarrhines (Braga et al., 2013, 2015).
We ﬁrst visualized (by using the Avizo solftware.
https://www.fei.com/software/amira-avizo/) the oval win-
dow niche in 3D after extracting an isosurface from the
micro-ct data set, as shown in Fig. 2a with the case of SK
879. We  then deﬁned an oblique slice that best-ﬁtted the
complete outline of the oval window at the location of the
annular stapedial ligament, a ring of ﬁbrous tissue that con-
nects the oval window to the stapes footplate. The OWA
was then measured from its segmentation on this oblique
slice. Since we  used high resolution micro-ct data (Table 1),
the outline of the insertion area of the annular stapedial
ligament could be visualized accurately. This allowed us to
reduce to a minimum (less than 5%) the interobserver vari-
ability between two  operators (J.B. and J.R.D.) in setting an
oblique slice in the plane of the OWA.
2.3. The maximum likelihood framework
All the phylogenetic methods and tests presented below
have been implemented by using the statistical maximum
likelihood (ML) framework that was ﬁrst introduced for
phylogenetic studies by Edwards and Cavalli-Sforza (1964)
for gene frequency data. The application of ML  to phyloge-
nies involves searching for the single tree (i.e. a topology
with branch lengths) that, under a given evolutionary
model, best explains the observed data (i.e. the traits for
each species, for more details, see Baum and Smith, 2013).
In doing so, it is conventional to record the logarithm of
the likelihood, the log-likelihood (to avoid problems asso-
ciated with handling very small numbers) of that tree as
the main criterion.
An important point to stress here is that analyses for
morphological data are still often based on parsimony, a
method that is less computationally demanding and “con-
sistent if the rate of evolutionary change per branch of
the tree is sufﬁciently small” (Felsenstein, 2004:122). Intu-
itively speaking, the statistical property of parsimony (for
more details, see Felsenstein, 2004) means that it mini-
mizes the number of changes that have occurred in each
branch and therefore assumes a low rate of change (i.e.
fewer evolutionary events, so the phylogram will show rel-
atively shorter branch lengths in all characters). Moreover,
the advantage of ML  methods over parsimony analysis
is that the former use information on branches lengths
available in phylograms. Given the fact that different char-
acters are often expected to evolve at different rates and
that longer branches offer more opportunities for changes
to occur than shorter branches, ML  methods are par-
ticularly useful in this context. We  use freely available
packages (listed below) in the R Statistical Computing
environment http://www.r-project.org/. These packages
are summarized in the CRAN project: http://www.cran.r-
project.org/web/views/Phylogenetics.html.
512 J. Braga et al. / C. R. Palevol 16 (2017) 508–520
Fig. 2. 3D reconstruction from micro-ct data of the middle ear cavity of SK 879 (A); oblique slice used to measure oval window area (OWA) and superimposed
on  a grid of 0.5 × 0.5 mm uniformly distributed squares (B); and 3D view of the oval window niche (C) using exactly the same viewpoint, magniﬁcation,
grid  and orientation as in B.
la cavité
) ; et vueFig. 2. Reconstruction 3D à partir de données micro-tomographiques, de 
OWA  et superposée à une grille composée de carrés de 0,5 mm de côté (B
points  de vue, grossissement, grille et orientation que pour B.
2.4. The phylogenetic signal
We  ﬁrst investigate whether the cochlear data observed
for extant species derive from a nonrandom, gene-based
tree-like descent process. The basic principle is to deter-
mine whether a given tree derived from genetic distances
better ﬁts a set of cochlear data (as represented by species
mean values) at its tips, when compared with the ﬁt
obtained when the cochlear data have been randomly per-
muted across the tips of the tree, thus destroying any
phylogenetic signal that may  have existed. We  investigate
the phylogenetic signal in this dataset before and after
controlling for body size. We  use distinct R packages to
compare two estimates of the phylogenetic signal for RECL
and OWA  considered separately: the  of Pagel (1999) the
K of Blomberg (Blomberg et al., 2003).
Pagel’s (1999)  is a parameter multiplied to each of the
off-diagonal elements of the variance-covariance matrix
(see Nunn, 2011, for more details). When  = 0, the tree has
a single polytomy at the basal node for all species, whereas
when  = 1 the original candidate tree is recovered. Statis-
tical tests for phylogenetic signal are performed under the
null hypothesis that  = 0. Tests for less signal than the can-
didate tree are performed under the null hypothesis that
 = 1. We  compute Pagel’s  with the R package “Geiger” de l’oreille moyenne de SK 879 (A) ; coupe oblique utilisée pour mesurer
 3D de la niche de la fenêtre ovale (C) en utilisant exactement les mêmes
(its function “ﬁtContinuous”) under the assumption of a
Brownian model of evolution (see below). We  also compute
Pagel’s  with the R package “Caper” (its function “pgls”)
with no prior assumption about any given model of evo-
lution. In all instances, we test our null hypotheses with
the likelihood ratio (LR) test (twice the log-likelihood dif-
ference between the two  models is expected to ﬁt a Chi2
distribution with P degrees of freedom) (Baum and Smith,
2013; Nunn, 2011).
We compute Blomberg’s K statistic (Blomberg et al.,
2003) with the R “Picante” and “Ape” packages in order
to test also whether the observed distributions for RECL
and OWA  across catarrhine species exhibit more or less
divergence than expected when evolving under Brownian
motion. Values of K range from 0 to inﬁnity, with K = 1 indi-
cating Brownian motion evolution. K > 1 indicates that close
relatives are more similar than expected, and K < 1 indi-
cates more divergence between taxa than expected under
a Brownian model. In order to decide whether the calcu-
lated K value corresponds to a Brownian model, we test
if it is signiﬁcantly higher than the mean K value obtained
after simulating 1000 datasets (i.e. trees) with random per-
mutations of the tips.
We  also use phylogenetic generalized least squares
(PGLS) (with the “pgls” function of the R package “Caper”) to
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ssess whether either RECL or OWA  considered separately
ay  have undergone correlated evolution with body mass
BM). Therefore, we estimate the slopes of RECL versus BM
nd OWA  versus BM regressions, and test whether these
lopes are signiﬁcantly different from 0. We subsequently
alculate the phylogenetic signal of RECL and OWA  after
llometric correction (i.e. removing the allometric effect of
ody mass here represented by mean species values).
.5. Choosing an evolutionary model
In this part of the study, we aimed to characterize the
empo (or rate) and the mode (the mechanisms) of RECL
nd OWA  evolutionary changes by testing which evolution-
ry model best explains the observed data. We consider the
ollowing three evolutionary models: BM,  OU and ACDC.
We ﬁrst consider the Brownian motion (BM) model
ssuming that rates of evolution are constant over time
i.e. larger changes more likely occur on longer branches).
herefore, this model was also called “constant variance
rocess” (Freckleton et al., 2002; Pagel, 2002). In this model,
he instantaneous phenotypic variance 2 per unit time t
i.e. the change along a branch of length t, or rate of change)
s drawn from a normal distribution with mean 0 and vari-
nce 2 t. Therefore, the trait variance is proportional to
ime (or branch length) and the displacements in differ-
nt branches of a tree are independent. It is important to
dd here that the BM model does not necessarily indicate
eutral or random evolution. It can instead reﬂect adaptive
volutionary changes (Nunn, 2011).
In contrast to BM,  the Ornstein–Uhlenbeck (OU) model
an be viewed as acting to limit evolutionary variation.
ndeed, it is biologically unrealistic to consider that the
ange of a trait value could vary inﬁnitely. The OU model can
herefore be applicable when traits likely evolved with con-
traints on their maximum or minimum values, depending
n the strength of stabilizing selection (Felsenstein, 1988;
arland et al., 1993). It is a BM model pulled to include one
r more selective optima that assert an attractive force on
rownian trait evolution. When the strength of this attrac-
ion is zero, the OU model is identical to a BM model. Very
trong stabilizing selection can obliterate the effects of his-
ory such that phylogenetic signal disappears. In this event,
rait values will be more similar in closely or distantly
elated species experiencing the same selective pressures.
The acceleration or deceleration (ACDC) of Brownian
otion evolution from the root to the tips of the tree
s the third model used in this study. The ACDC model
also called “early burst”) describes evolution that either
ncreases (accelerates, AC) or decreases (decelerates, DC)
n rate over time.
We choose the evolutionary model that best describes
he species data sampled in our study with the use of LR
ests and the Akaike information criterion (AIC) (Akaike,
974). The model with the smallest AIC is the preferred one.
e also use the corrected AIC (AICc) for small samples..6. Estimates of ancestral values
We  estimate RECL and OWA  ancestral values
using the preferred evolutionary model chosen in the6 (2017) 508–520 513
previous step) at internal nodes of a phylogeny recon-
structed with morphological and molecular data by
grafting a tree for three extinct hominin species of
known cochlear values (A. africanus, P. robustus and
H. erectus) onto the gene-based phylogram representing
contemporaneous catarrhine species (Fig. 1). The extinct
hominin phylogram (i.e. branch lengths proportional to the
amount of evolutionary change) is obtained from Organ
et al. (2011) and was  inferred using 109 morphological
characters from Strait and Grine (2004) in a Bayesian
framework.
We  use the R package “Phytools” (and its “fastAnc” func-
tion) (Revell, 2012) to compute ancestral values and 95% CIs
(to reﬂect uncertainty) using ML  (i.e. ﬁnding values that
maximize the probability of our data). We consider that
our approach is unbiased because we use the evolution-
ary model that best ﬁts our data. The ability of different
methods (e.g., ML  under different models of evolution)
to accurately estimate ancestral values and their associ-
ated errors has been investigated by Martins (1999), who
showed that a BM model performed reasonably well, espe-
cially for more recent ancestors. Therefore, in order to
reduce uncertainty, we limit our estimates for hominin
ancestral nodes that are close to the tips (as opposed to
those that are deeper in the tree). We  consider the follow-
ing four nodes: (Pan, Hominins), (A. africanus, P. robustus,
Homo), (P. robustus, Homo)  and (H. erectus, H. sapiens)
(Fig. 1).
3. Results
3.1. Variation of RECL and OWA  among early hominins
We  ﬁrst represent in a simple 2D-point graph, the varia-
tion of RECL versus OWA  among early hominins, H. sapiens
sapiens, Gorilla gorilla and Pan troglodytes/paniscus (Fig. 3).
At ﬁrst glance, we  observe a clear separation between a
group comprising the four Australopithecus specimens from
Sterkfontein (StW 498e, StW 255/259, StW 98 and StW
329), StW 53, StW 151 and KB 6067, and a second group
made up of P. robustus from Swartkrans (SK 879 and SkW
18) and H. erectus (SK 847) with noticeably higher values for
both RECL and OWA  (Fig. 3). In this regard, it is important to
note that RECL is a better discriminator than OWA, the SK
847 OWA  value falling within the variability sampled for
specimens derived from Sterkfontein Member 4. We also
observe that H. sapiens and Gorilla gorilla specimens overlap
one another and that most of them have higher values of
RECL than that for Pan troglodytes/paniscus. While the three
specimens of P. robustus from Swartkrans and H. erectus
group fall within H. sapiens and Gorilla gorilla ranges, all the
other fossil hominins sampled here from Kromdraai and
Sterkfontein group with values for Pan troglodytes/paniscus.
Moreover, the StW 329 specimen shows remarkably low
RECL and OWA  values.3.2. Phylogenetic signal of RECL and OWA
For both RECL and OWA, we obtain a high Pagel’s  that
is signiﬁcantly different from 0 but notdifferent from 1,
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Fig. 3. 2D-point graph representing relative external cochlear length (RECL) and oval window area (OWA) values in fossil hominins, Homo sapiens,  Pan and
Gorilla.
Fig. 3. Graphique 2D de nuage de points représentant les valeurs de RECL et OWA  chez les homininés fossiles, Homo sapiens, Pan et Gorilla.
Table 2
Phylogenetic signals as represented by the  of Pagel and the K of Blomberg for relative external cochlear length (RECL) and oval window area (OWA),
before  and after correction for body mass (BM), under a standard Brownian motion model of evolution. The results of the log-likelihood ratio tests, the
permutation tests (K mean) and the Akaike information criterion (AIC) (with the corrected AIC–AICc for small samples) are also detailed. ML for maximum
likelihood.
Tableau 2
Signaux phylogénétiques représentés par les  de Pagel et K de Blomberg pour RECL et OWA, avant et après correction allométrique par la masse corporelle
(BM),  sous un modèle d’évolution brownien standard. Les résultats des tests de ratio de log-vraisemblances, des tests de permutation (K mean) et critères
d’Akaike (AIC) (valeur AIC–AICc corrigée pour les petits échantillons) sont également détaillés. ML pour maximum de vraisemblance.
RECL OWA  BM
 of Pagel (ML, Brownian, Geiger) 0.926133 1.000000
  of Pagel (ML, Caper) 0.926000 1.000000 1.0000
Log-likelihood ratio 40.089887
–
18.966384
–
–
AIC –74.179773
–
–31.932767
–
–
AICc –72.846440
–
–30.599434
–
–
P-value 5% (different from 0) (Geiger) 2.060154e-05 4.523477e-07
P-value 5% (different from 0) (Caper) 2.0602e-05 4.5236e-07 4.8937e-06
P-value 5% (different from 1) (Geiger) 0.1446526 1
P-value 5% (different from 1) (Caper) 0.14465 1 1
K  Blomberg 0.9848426 1.522079 1.229131
K  mean (1000) 0.0001673756 0.001036746
P-value 0.000999001 0.000999001
Pagel: BM (Caper) 0.320 0.735
P-value 5% (different from 0) 0.10004 0.0003707
P-value 5% (different from 1) 0.0014589 0.029203
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Table 3
Log-likelihoods, LR tests and AIC (AICc) criteria for three distinct models
of evolution for relative external cochlear length (RECL) and oval window
area (OWA): Brownian motion model, Ornstein–Uhlenbeck model and
ACDC or “early burst” model.
Tableau 3
Log-vraisemblances, tests de ratio de log-vraisemblances, et critères
d’Akaike (AIC et AICc) pour trois modèles d’évolution distincts de RECL et
OWA  : modèle brownien, modèle d’Ornstein–Uhlenbeck et modèle ACDC
ou  early burst.
RECL OWA
Brownian motion model
Log-likelihood 39.026010 18.966384
AIC –74.052020 –33.932767
AICc –73.420441 –33.301188
Ornstein–Uhlenbeck model
Log-likelihood 39.076838 18.966384
AIC –72.153675 –31.932767
AICc –70.820342 –30.599434
P-value 0.7498513 1
ACDC or “early burst” model
Log-likelihood 39.026003 19.583036
AIC –72.052007 –33.166072
F
H
i
F
(J. Braga et al. / C. R. 
ither under the assumption of a Brownian model of evo-
ution, or with no prior assumption about any given model
f evolution (Table 2). The same trend is observed when
e compute the Blomberg’s K statistic. In all instances,
he K values are signiﬁcantly higher than those obtained
andomly and indicate either Brownian motion evolu-
ion (RECL; K = 0.98) or closer relatives more similar than
xpected (OWA; K = 1.52) (Table 2).
Since BM shows a high phylogenetic signal for both
agel’s  (signiﬁcantly different from 0, but not from 1) and
lomberg’s K (1.22) (Table 2), it is important to investigate
hether RECL and OWA  still show a high phylogenetic sig-
al after controlling for BM.  We  obtain a low Pagel’s  (0.32;
ot signiﬁcantly different from 0) for RECL after control-
ing for BM (r2 = 0.78, P < 0.005). For OWA, after controlling
or BM (r2 = 0.68; P < 0.005), the Pagel’s  is higher than for
ECL, with a value (0.735) signiﬁcantly different from 0, but
ot different from 1 at 0.03% (Table 2).
.3. Choice of an evolutionary model for RECL and OWA
We  ﬁrst compute the log-likelihood for a Brownian
odel of evolution for RECL and OWA  considered sepa-
ately (Table 3). We  then compute the log-likelihoods for
U and ACDC models of evolution of RECL and OWA  in
rder to determine whether one of them better explains
ur observed data than Brownian motion. Both LR tests and
IC criteria (either AIC or AICc) show that the evolutionary
odel that best explains the data (i.e. RECL and OWA  values
nd the gene-based phylogram) observed in extant species
s Brownian motion (Table 3). This model is therefore used
or ancestral states reconstructions.
ig. 4. Ancestral values for relative external cochlear length (RECL) estimated at th
omo)  (yellow) and (H. erectus, H. sapiens) (violet) nodes. The conﬁdence intervals 
n  transparency).
ig. 4. Valeurs ancestrales de RECL estimées aux nœuds (Pan, Hominins) (bleu)
H.  erectus, H. sapiens) (violet). Les intervalles de conﬁance sont illustrés avec uneAICc –70.718674 –31.832739
P-value 1 0.2667654
3.4. Ancestral states reconstructions
Since both RECL and OWA  show high phylogenetic
signals (when considered separately), we  estimate the
ancestral values (with 95% CIs) of these two  parameters at
the three hominin nodes in the phylogram (Fig. 1), as well
as at the Pan-Hominin node (Figs. 4 and 5).
With regard to RECL, there is a clear trend for an increase
of the ancestral values from the oldest node (Pan, Hominins)
e (Pan, Hominins) (blue), (A. africanus, P. robustus, Homo) (red), (P. robustus,
are illustrated with one standard deviation (with two standard deviations
, (A. africanus, P. robustus, Homo)  (rouge), (P. robustus, Homo)  (jaune) et
 déviation standard (avec deux déviations standard en transparence).
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Fig. 5. Ancestral values for oval window area (OWA) estimated at the (Pan, Hominins) (blue), (A. africanus, P. robustus, Homo)  (red), (P. robustus, Homo)
(yellow) and (H. erectus, H. sapiens) (violet) nodes. The conﬁdence intervals are illustrated with one standard deviation (with two standard deviations in
) (bleu)
vec unetransparency).
Fig. 5. Valeurs ancestrales de OWA  estimées aux nœuds (Pan, Hominins
(H.  erectus, H. sapiens) (violet). Les intervalles de conﬁance sont illustrés a
to the youngest one and (H. erectus, H. sapiens) (Fig. 4).
The (A. africanus, P. robustus, Homo)  node’s CI at 95% ﬁts
completely within the (Pan, Hominins) node’s CI at 95%.
Moreover, the (P. robustus, Homo)  and (H. erectus, H. sapi-
ens) nodes’ RECL estimations fall outside the (A. africanus,
P. robustus, Homo)  node’s CI at 63% (i.e. with only one
standard deviation) and 95%, respectively. There is no
overlap between the (A. africanus, P. robustus, Homo)
and the (H. erectus,  H. sapiens) nodes’ CIs at 63%
(Fig. 4).
There is also a trend for an increase of the OWA  ances-
tral values from the oldest node (Pan, Hominins)  to the
youngest one (H. erectus,  H. sapiens) (Fig. 5). As for RECL, the
(A. africanus, P. robustus, Homo)  node’s CI at 95% is encom-
passed by the (Pan, Hominins)  node’s CI at 95%. However,
there is more overlap between the three OWA  hominin
nodes’ CIs at 63% (Fig. 5) than for RECL (Fig. 4). In par-
ticular, there is an almost complete overlap between the
(A. africanus, P. robustus, Homo)  and the (H. erectus,  H. sapi-
ens) nodes’ CIs at 63% (Fig. 5).
In order to evaluate the impact on estimates of RECL
and OWA  ancestral values when grafting a tree for three
extinct hominin species onto the gene-based phylogram
representing extant species only, we computed the (Pan,
Homo) node CIs before the incorporation of fossil data (as in
Braga et al., 2015). For both RECL and OWA, the (Pan, Homo)
nodes’ CIs at 95% (12.5–14.7 mm and 2.6–3.9 mm2, respec-
tively) were almost identical to the (H. erectus,  H. sapiens)
nodes’ CIs obtained from the tree combining extant and
fossil species (Figs. 4 and 5). This result demonstrates the
usefulness of grafting fossil tip data onto the gene-based
phylogenetic tree for ancestral reconstructions at some
nodes., (A. africanus, P. robustus, Homo)  (rouge), (P. robustus, Homo)  (jaune) et
 déviation standard (avec deux déviations standard en transparence).
4. Discussion
In order to better interpret our fossil cochlear
parameters, we  aimed to use our dataset representing con-
temporaneous catarrhine species to (i) explore further the
phylogenetic signal before and after controlling for body
size, (ii) investigate whether the Brownian model is appro-
priate when modeling cochlear evolution and (iii) estimate
some fossil hominin ancestral conditions of RECL and OWA
from a phylogram combining extant and fossil data. Here,
we  discuss only the taxonomic and phylogenetic aspects
of our results since direct transcriptions of fossil hominin
RECL and OWA  differences into hearing capabilities and
communication signals would be premature for the follow-
ing reasons. Indeed, previous studies in living great apes
have demonstrated the complexity of calling behaviors on
primate sound and vocal repertoires as, for instance, within
highly variable call types (e.g., long vocalizations) varia-
tions in acoustic structure, call repertoire size correlated
with group size and social bonding, socially learned calls
and divisions of calls according to home range (Harcourt
and Stewart, 2001; Hardus et al., 2009; Marshall et al.,
1999).
4.1. RECL and OWA  estimates in fossil hominins
Apart from Braga et al. (2013, 2015), we  could not
ﬁnd any other RECL measurements in early hominins to
compare with ours. Moreover, we discuss below why we
consider that the micro-ct OWA  measurements presented
here are not interchangeable with published measure-
ments of the oval window or stapes footplate area taken on
scaled digital images in fossil hominins (e.g., Quam et al.,
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015). Quam et al. (2015) assessed photographically the
WA  or the stapes footplate area and considered that, in
ll instances (i.e. for all fossil specimens), the latter repre-
ented 90% of the former. If we use this 90% proportion
o compare the micro-ct OWA  values in fossil hominins
resented in this study (Table 1) and the photographic mea-
urements published in Quam et al. (2015, Table 1) (e.g.,
he stapes footplate area of SKW 18 or the OWA  of SK 879),
e observe marked discrepancies (except for STW 328), in
articular for P. robustus. Here we take one example pre-
ented in Fig. 2 in order to brieﬂy discuss this point. The
ost important discrepancy (1.6 mm2) is observed for the
K 879 specimen illustrated with an oblique slice that best-
ts the complete outline of its OWA  (Fig. 2B) and with a 3D
iew of its oval window niche (Fig. 2C). As shown in a com-
arison between Fig. 2B and C, the conﬁguration of the oval
indow niche poses two  main difﬁculties when trying to
easure the small OWA  with no parallax error.
The ﬁrst difﬁculty is due to the fact that, even when the
iddle ear cavity is visually accessible without endoscopy
as for SK 879), the promontory of the tympanic cavity
revents the visualization of the complete outline of the
val window to allow for an accurate photographic mea-
urement of OWA  to the nearest one-hundredth square
illimeter with no potential parallax error. This potential
arallax error explains why in situ micro-ct measurements
f middle ear features have been considered as more accu-
ate than photographic measurements (e.g., Noussios et al.,
016; Sim et al., 2013).
The second difﬁculty is related to the need for a per-
ect calibration of the photograph to be used for accurate
easurements of OWA. First, the scale used for calibration
eeds to be placed at precisely the same distance from the
amera lens as the oval window itself. Moreover, if a mil-
imeter ruler scale is used, it needs to ﬁt inside the narrow
val window niche next to the OWA  (Fig. 2C), and also to
ie exactly in its plane (i.e. the OWA  and the ruler scale
eed to be co-planar). Small misalignment and/or place-
ent errors of the ruler scale will result in uncertainties on
he calibration of the photograph used for measurements.
In the case of the SK 879 micro-ct data, we obtained a
.3-mm2 OWA  value (Table 1). In Fig. 2B, we superimpose
 grid of 0.5 × 0.5 mm uniformly distributed squares (with
urface areas of 0.25 mm2 each) over the oblique slice that
e used to obtain this OWA  value for SK 879. Fig. 2C shows
xactly the same viewpoint, magniﬁcation and orientation
f this specimen as in Fig. 2B. The same grid is superim-
osed on a 3D endo-tympanal view of the SK 879 oval
indow niche. A visual comparison shows a noticeable
ifference between Fig. 2B and C in the measure of the
WA  with at least 0.5 mm2 (2 squares). As shown here,
uch a difference is due to the overhanging promontory of
he tympanic cavity that could be also seen in a photograph
r under a microscope. Moreover, the grid superimposed
n the OWA  of the SK 879 specimen (Fig. 2B) allows the
eader to visually assess that its value is close to 4.0 mm2.
 2.43-mm2 value was given in Quam et al. (2015) for
he SK 879 estimated stapes footplate area. If we assume
hat the stapes footplate represented 90% of the OWA  in
K 879 (as suggested in Quam et al., 2015), we obtain a
.7-mm2 value. This measurement is incompatible with6 (2017) 508–520 517
the micro-ct value (4.3 mm2) that we repeatedly obtained
for SK 879 after careful segmentations (Fig. 2).
Another important point to discuss is the correspon-
dence between the stapes footplate area and the OWA. The
difference between these two  areas is due to the size of
the annular ligament of the stapes. In a detailed micro-CT
measurement study of the annular ligament of the human
stapes, Mohammadi et al. (2016) found it highly variable in
its volume and thickness. Because of this variability among
modern humans, we  would urge caution when estimating
OWA  from the stapes footplate area in other extant species,
as well as in fossil hominins with a single constant pro-
portion. The proportion of 90% used for fossil hominins in
Quam et al. (2015) likely represents only the upper part
of the variation of the relationship between OWA  and the
stapes footplate area. Here, we  argue that more compara-
tive micro-CT measurements of the OWA  and the stapes
footplate area are needed in both modern humans and
other extant catarrhines for better estimations of measure-
ments errors when assessing the former variable from the
latter. Indeed, from the micro-ct data of the middle ear
obtained by one of us (J.B.), we  observe a 76–87% vari-
ability (caused by interindividual differences and lateral
asymmetry) in the proportion of the OWA  represented by
stapes footplate area in only 12 measurements for modern
humans. This observation is well in line with the results
presented in Mohammadi et al. (2016). Moreover, when
we investigate the proportion of the OWA  represented by
the stapes footplate area using our micro-ct data for 11
specimens representing non-human primate species, we
observe a range between 79% (Papio hamaryas) and 90%
(Pongo pygmaeus).
4.2. Exploring new basicranial features
The present study conﬁrms, using additional tests, the
very high phylogenetic signal of RECL and OWA  parame-
ters and their close correlation with body mass, as already
observed by Braga et al. (2015). Moreover, we newly
observe that a Brownian motion model is the best evolu-
tionary framework to compare RECL and OWA  differences
between catarrhine species, including fossil hominins.
Importantly, while RECL evolution is associated with evo-
lutionary changes in body mass, OWA  likely evolved
more independently. Therefore, comparisons between fos-
sil hominin specimens and species based on RECL and
OWA may  lead to reliable identiﬁcations of monophyletic
groups with their associated synapomorphies (as opposed
to homoplasies).
The fossil cochlear values presented here conﬁrm the
RECL distinctiveness of the Paranthropus and H. erectus
specimens found at Swartkrans compared to the Australo-
pithecus specimens from Sterkfontein (Braga et al., 2013,
2015). The Paranthropus and H. erectus RECL values are
similar to measurements for extant humans and gorillas,
but also noticeably higher to those for any specimen from
Sterkfontein, including StW 151 or StW 53 (Fig. 3). Interest-
ingly, the StW 53 RECL and OWA  values appear very close
to those recently published for KB 6067, a juvenile fossil
hominin from the South African site of Kromdraai (Braga
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et al., 2013, 2016) which has been attributed to an evolu-
tionary less derived P. robustus form than that represented
at Swartkrans. Indeed, as noted by Braga et al. (2013), StW
53 and KB 6067 also appear similar in the morphology of
their semi-circular canals. Interestingly, while StW 53 and
StW 151 petrous bones have been regarded as very close
in morphology and more like the modern human condition
than exhibited by other Sterkfontein specimens, the OWA
size in StW 53 falls in the range of P. paniscus whereas the
much larger OWA  of StW 151 falls in the range of both
H. sapiens and G. gorilla. Moreover, the RECL values of both
StW 53 and StW 151 fall well below the P. robustus. H. erec-
tus and H. sapiens values (Fig. 3).
As indicated in Braga et al. (2013), the taxonomic
attribution of KB 6067 from Kromdraai Member 3 is as
yet unclear. A ﬁrmer taxonomic attribution of the oldest
Kromdraai paranthropines (including KB 6067) is still
pending on the analysis of the larger hominin sample
discovered in the oldest fossiliferous deposits from this
site (Braga and Thackeray, 2016; Braga et al., 2017).
This will allow us to determine whether the southern
African Paranthropus hypodigm represents either a single
and variable P. robustus species with a time span yet
unknown, or distinct taxa (i.e. at most the more ple-
siomorphic P. robustus from Kromdraai and P. crassidens
from Swartkrans; at least a single evolutionary P. robustus
species consisting in a lineage of ancestral descendant
populations; for more details, see Braga et al., 2016, 2017).
Further discoveries combined with progress in measuring
the complex cochlear shape will allow us to test whether
the variable OWA  and RECL signatures obtained between
Swartkrans (e.g., SKW 18 and SK 879) and Kromdraai (e.g.,
KB 6067) paranthropines are consistent with “a plesiomor-
phic status of the KB hominins, indicative of their ancestral
status for the P. robustus + boisei clade, giving rise before
2.3 Ma  to the split of P. boisei in East Africa and P. robustus
survivors in South Africa” (Braga et al., 2016:65).
Even though our results are preliminary, given the phy-
logenetic tests presented here and their advantage over
parsimony-based interpretations (see below), we  argue
that StW 53 and KB 6067 may  represent one or two
distinct smaller-bodied, less derived hominin form(s), as
compared to Paranthropus and H. erectus specimens repre-
sented at Swartkrans. We  acknowledge that labyrinthine
similarities are not sufﬁcient to establish ﬁrm taxonomic
afﬁliations and that our conclusions need to be tested by
further comparative morphological studies. For instance,
although the spiraled shape of the cochlea appears glob-
ally similar among catarrhines, the development of new
3D morphometric methods may  uncover taxonomic dis-
tinctions because its spiraled structure makes it inefﬁcient
to study with standard Euclidian metrics.
The base of the cranium has often been considered
evolutionarily more conservative that the face and teeth
(Bosma, 1976; de Beer, 1937; Lieberman et al., 1996; Strait,
1998; Strait et al., 1997). Variations in the cranial base other
than those investigated here (e.g., the angle of the petrous
part of the temporal bone to the coronal plane) have been
considered useful in phylogenetic analyses (Dean, 1986;
Dean and Wood, 1981), but have not been tested using the
statistical methods employed here. In line with our results,16 (2017) 508–520
these basicranial features have been regarded as distinct
between the contemporaneous great apes and Australop-
ithecus,  on the one hand, and Paranthropus and Homo on
the other. Further comparative data and investigations at
both intra- and inter-speciﬁc levels in extant and fossil
taxa will improve our phylogenetic interpretations, and in
particular, we  need data on the cochlear variability in
highly dimorphic hominid species such as G. gorilla.  As yet,
we only investigated the RECL variability in a G. gorilla sam-
ple of very limited size (n = 14) and with most specimens
(n = 12) of unknown sex (n = 12) and two  males.
4.3. Paranthropus and Homo shared features
On the basis of the high phylogenetic signal of RECL
and OWA  and our evolutionary model-based phyloge-
netic statistics, here we interpret the P. robustus and
Homo shared and derived cochlear features reported on
Swartkrans specimens (i.e. higher values for both RECL
and OWA) as synapomorphies. From our very limited
sample of fossil hominins and the results presented in
Figs. 4 and 5, it is tempting to suggest a A. africanus to
P. robustus ancestral-descendant relationship. However,
such a conclusion would be unwise if it rests only on
high RECL and OWA  phylogenetic signals. We  nevertheless
argue that the improvement of our understanding of the
phylogenetic relationships between the southern African
paranthropines and other early hominin taxa, including
early Homo and Paranthropus from East Africa, depends on
further analyses of the skull base, including the morphol-
ogy of the cochlea.
As yet, the cranial base ﬂexion has garnered a lot of
attention and, to the best of our knowledge, its derived
morphology shared between Homo and Paranthropus has
not been explored among fossil and extant primates
using phylogenetically informed statistical analyses. Even
though we  used such analyses in the present cochlear
study, we cannot yet determine whether the RECL and
OWA  derived features shared between P. robustus and
Homo at Swartkrans are also shared with eastern African
Paranthropus and Homo.  There is no consensus on the
basal species leading to Paranthropus and Homo,  depend-
ing on the phylogenetic role accorded to A. africanus and
P. aethiopicus (Strait and Grine, 2004) and Paranthropus
phylogeny (Wood and Constantino, 2007, ﬁg. 10). There-
fore, more comparative studies on Australopithecus and
Paranthropus specimens from southern and eastern Africa
will be needed to decide whether A. africanus represents
the most likely common ancestor of P. robustus and Homo,
Paranthropus and Homo or if an alternative scenario is more
likely.
In line with results from Baker et al. (2016) and the
positive selection associated with shifts in molar area rela-
tive to body size in Paranthropus, our phylogenetic ﬁndings
support a signiﬁcant role of selection in shaping the evo-
lution of P. robustus and Homo auditory capacities, at least
as represented by RECL (Fig. 4). The positive association
between BM and RECL observed in this study (see also
Braga et al., 2015) means that there is an evolutionary
correlation between BM and cochlear size among catar-
rhines, including fossil hominins. Since RECL does not show
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 phylogenetic signal signiﬁcantly different from 0 after
ontrolling for BM,  the ancestral values proposed here
ighlight, at least partly, the role of selection on a larger
ody size in shaping cochlear evolution in Homo.  Only
urther measurements of RECL in fossil Homo specimens
ill allow us to determine the exact shifts in cochlear size
elative to body size during the earliest part of the evo-
ution of our genus. The use of a phylogram combining
xtant and fossil species to estimate ancestral RECL val-
es at three hominin nodes in this study (Fig. 4), conﬁrms a
revious ﬁnding that RECL is “hypertrophied” in the genus
omo, as opposed to the australopiths (Australopithecus
nd Paranthropus)  (Braga et al., 2015). Indeed, when RECL is
epresented in a phylo-morphospace (Fig. 4), the (H. erec-
us, H. sapiens) nodes’ value is clearly shifted towards a
igher RECL, as compared to the ancestral value at the
P. robustus, Homo)  node. Moreover, when we consider the
WA  parameter with its high phylogenetic signal after cor-
ecting for BM (contrary to RECL), we observe that OWA
alues are shifted towards higher values at the (P. robustus,
omo) node. Further estimates of ancestral node values will
e needed to help reﬁning the predictions by adding new
ossil hominin species values at the tips of the tree used in
he statistical analyses. To this end, cochlear investigations
n A. afarensis, P. aethiopicus and P. boisei will be crucial.
.4. Cladistic versus phylogenetic methods
The present study demonstrates that a simple Brown-
an model of evolution best explains the observed RECL
nd OWA  data in contemporaneous species. Therefore, this
odel assuming constant rates of evolution over time is
ppropriate for ancestral reconstructions. Moreover, this
esult highlights the importance of investigating cochlear
hanges among fossil hominins by using an evolutionary
ramework with stretched and compressed branch lengths
hat conforms to our assumed underlying Brownian motion
ode. Such an evolutionary framework is more realistic
ecause it assumes that changes in character values are
ore likely along longer branches, i.e. over longer stretches
f time. When branch lengths are available, our proposed
odel-based method has the advantage of incorporat-
ng these data. By contrast, the parsimony-based methods
sed for cladistics reconstructions assume that changes
re equally likely on all branches of the tree, regardless
f their length. This assumption would be safe only for
ery slowly evolving traits, but not for cochlear evolution
mong hominins. In this context, methods using parame-
ers with a measured phylogenetic signal (i.e. statistically
ested using a phylogenetic comparative approach) will be
ery useful to investigate further the hypothesized Paran-
hropus monophyly (see reviews in Wood and Boyle, 2016;
ood and Constantino, 2007), its diversiﬁcation into east-
rn and southern African forms from a common ancestor
ften set during the 2.7–2.3 Ma  period, and its phylogenetic
elationships with the origin of our own genus Homo.cknowledgments
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